To identify candidate cholesterol transporters implicated in lipid homeostasis and mammary gland (MG) physiology, we compared expression and localization of ABCA1, ABCG1, and ABCA7 and their regulatory genes in mammary tissues of different species during the pregnancy-lactation cycle. Murine and bovine mammary glands (MGs) were investigated during different functional stages. The abundance of mRNAs was determined by quantitative RT-PCR. Furthermore, transporter proteins were localized in murine, bovine, and human MGs by immunohistochemistry. In the murine MG, ABCA1 mRNA abundance was elevated during nonlactating compared with lactating stages, whereas ABCA7 and ABCA1 mRNA profiles were not altered. In the bovine MG, ABCA1, ABCG1, and ABCA7 mRNAs abundances were increased during nonlactating stages compared with lactation. Furthermore, associations between mRNA levels of transporters and their regulatory genes LXR␣, PPAR␥, and SREBPs were found. ABCA1, ABCG1, and ABCA7 proteins were localized in glandular MG epithelial cells (MEC) during lactation, whereas during nonlactating stages, depending on species, the proteins showed distinct localization patterns in MEC and adipocytes. Our results demonstrate that ABCA1, ABCG1, and ABCA7 are differentially expressed between lactation and nonlactating stages and in association with regulatory genes. Combined expression and localization data suggest that the selected cholesterol transporters are universal MG transporters involved in transport and storage of cholesterol and in lipid homeostasis of MEC. Because of the speciesspecific expression patterns of transporters in mammary tissue, mechanisms of cholesterol homeostasis seem to be differentially regulated between species.
THE MAMMARY GLAND (MG) CHANGES its morphological and physiological state during development, pregnancy, lactation, and involution (40) . During lactation, the MG is taking up large amounts of metabolites such as sugars and lipids from the blood for milk synthesis. Milk is secreted into the lumen of the alveoli that are formed by mammary epithelial cells (MEC). Cessation of milk removal leads to rapid changes in the mammary tissue and to the initiation of a process called mammary involution (22, 38, 51) . During this phase, residual milk is cleared, and the milk secreting epithelium undergoes apoptosis (8) . Macrophages invade the MG to ingest apoptotic bodies by phagocytosis (38) . Hence, lipids accumulate in the tissue and have to be cleared by cellular transport processes to prevent cellular damage. When mammals are concomitantly pregnant and lactating, e.g., dairy cows, the MG changes morphology and function by apoptotic and proliferative processes (50) . These mechanisms serve to establish a new functional epithelium for the next period of lactation (38) .
Previous studies investigating the transport of substances in the MG have mainly focused on triglyceride transport in different species, as triglycerides represent the major lipid fraction in milk. However, it is noteworthy that the milk lipid fraction also consists of a cholesterol fraction varying between species, and only little attention has been paid to cholesterol transfer in the MG. Lipids are secreted after synthesis in the endoplasmic reticulum of mammary gland epithelial cells (MEC) by a mechanism called milk fat globule (MFG) secretion (36) . A small part of cholesterol in milk is derived from the de novo synthesis in MEC. In the MG, cholesterol is mainly derived from the uptake from the blood serum (33) . Recently, it has been shown that cholesterol synthetic genes are induced in the bovine liver after parturition (54) , and it could be assumed that increased levels of cholesterol are delivered by lipoproteins to the MG, as well as to other peripheral organs. In this context, it has been shown that serum lipoproteins are a source of milk cholesterol (44) and that the mammary epithelium of the lactating mouse is able to take up cholesterol via low-density lipoprotein (LDL) from the blood by a non-LDLreceptor-mediated process (39) .
The transcellular movement of substances across the basal and apical membranes of MEC is driven by membrane transport proteins that actively transfer compounds across cellular membranes (37) . Members of the ATP-binding cassette (ABC) transporter superfamily promote the cellular efflux of substances by the hydrolysis of ATP (16) . Members of the subfamily A and G promote, among other substrates, the efflux of cholesterol from the cell (43) . It has been demonstrated that ABCA1, a ubiquitously expressed (17) full-size ABC transporter that has been associated with hereditary and cardiovascular diseases (3, 4, 10, 43) , mediates the transport of choles-terol, phospholipids, and other lipophilic molecules across cellular membranes and removes excess cellular cholesterol from peripheral cells by the transfer onto lipid-poor apolipoprotein (apo) A1 (42) . Recently, ABCA1 was demonstrated to transfer cholesterol not only by efflux mechanisms but also by transcytosis through aortic endothelial cells (12) . Furthermore, ABCA1 seems to play a potential role in the development of the murine and human placenta (6, 13) .
ABCG1, a ubiquitously expressed half-transporter (5), has been implicated in the regulation of macrophage cholesterol and phospholipid transport (30) . ABCG1 was shown to support ABCA1 in its function by transferring excess cholesterol from the cell onto mature high-density lipoprotein (HDL) and thereby reduces cellular cholesterol accumulation (23) . ABCA1 and ABCG1, in concert, play a pivotal role in the transfer of excess cholesterol from foam cells in atherosclerotic lesions by reverse cholesterol transport (11) . ABCA7, another member of the A subfamily, shows high homology to ABCA1 but has a distinct expression pattern (48) . In general, the physiological functions of ABCA7 remain obscure (2) . ABCA7 null-mice show decreased HDL levels and alterations in adipose mass (29) . In vitro, ABCA7 has been shown to promote the efflux of cellular phospholipids and cholesterol onto lipoproteins (57) and may be involved in lipid metabolism in the kidney and in adipose tissue (32) . Recently, it has been reported that ABCA7 plays a role in phagocytosis in macrophages (27) .
ABC lipid transporters are regulated on the transcriptional levels by nuclear receptors and sterol-responsive element binding proteins (SREBPs). The liver X receptor (LXR) ␣ bound to the retinoid X receptor (RXR) acts as a heterodimer and activates the transcription of ABCA1 and ABCG1 (45) . LXR␣ is activated by oxysterols that are produced when intracellular cholesterol levels are high (25) . Other regulatory genes include the peroxisome proliferator-activated receptors (PPARs). These proteins act as nutritional sensors that regulate a variety of cellular functions, including metabolism, inflammation, and development (18) . PPAR␣ is the main metabolic regulator for catabolism, whereas PPAR␥ regulates anabolism or storage (18) . PPAR␥ activates the transcription of RXR and LXR genes in macrophages that activate transcription of ABCA1 and ABCG1 (49) . SREBPs are important regulators of lipid synthesis. In peripheral tissues, SREBP-1c activates genes involved in triglyceride synthesis when cholesterol levels are high, whereas SREBP2 promotes, among other pathways, the expression of cholesterol synthetic genes when cellular cholesterol levels are low (18) . In the MG, SREBP1 is activated after parturition and is critical to maintain a balanced triglyceride content in the milk, while SREBP2 activates cholesterol synthesis by the epithelium (47) .
Only scarce information exists about the expression and localization of cholesterol efflux ABC transporters in the MG (14, 19, 28, 35, 52, 53, 55) , and no data are available regarding potentially conserved or distinct functions of these transporters in mammary tissue of different species. Therefore, the objectives of this study were 1) to investigate mRNA expression profiles of lipid efflux transporters and regulatory genes that control lipid homeostasis in nonlactating and lactating murine and bovine MG, 2) to compare localization of lipid efflux transporters at different functional stages of the MG, and 3) to compare expression and localization patterns of lipid efflux transporters between different species (mouse, cow, human). Data from the present study contribute to determine whether ABC transporters are universal lipid efflux transporters in the MG. The combination of expression and localization data in three mammalian species with anatomically different MG could finally contribute to identify general physiological mechanisms of cholesterol transfer in the MG.
MATERIALS AND METHODS
Experimental models, diets, and sampling procedures. The animal experimentation procedures and the protocols applied to human tissue collection were approved by the Animal Use Committee and Institutional Review Board of the Institute of Pathology of the University of Bern, respectively.
Mice. Wild-type inbred female mice (FVB strain; n ϭ 23) purchased from Charles River Laboratories, Sulzfeld, Germany, were bred in plastic crates with stainless-steel tops and maintained in temperature-controlled rooms with a 12:12-h light-dark cycle. Mice were fed standard mouse chow containing minimal cholesterol (0.2 ppm) (LabDiet 5001 Rodent Diet, Nestlé Purina PetCare, Vevey, Switzerland) and water ad libitum. Mice were killed by cervical dislocation at different stages of the pregnancy-lactation cycle. Days of lactation were calculated from the day of giving birth. The MGs were removed and grouped according to their lactational stage (see Fig. 1A ) as follows: NL, nonlactating postpubertal females (n ϭ 5); L1, early lactating, between 1 and 6 days post partum (pp.), (n ϭ 6); L2, midlactation, between 7 and 14 days pp. (n ϭ 6); L3, end of d Fig. 1 . Experimental sampling scheme. A: at four functional stages of the murine mammary gland (MG) (NL, nonlactating adult; L1, early lactation, 1-6 days after parturition; L2, midlactation, 9 -12 days after parturition; L3, end of lactation, 15-25 days after parturition), mammary tissues of normal FVB mice (n ϭ 5 or 6 per stage) were collected. B: bovine MG biopsies were repeatedly taken from 10 multiparous Holstein-Friesian cows at functional stages that are comparable to the stages investigated in mice (L3=, end of previous lactation, 77 days before expected parturition; NLP, nonlactating pregnant, 36 days after drying off, at day 16 before expected parturition; L1, early lactation at day 14 of lactation; L2, midlactation at day 88 of lactation). Depending on the species and the physiological state of the MG, distinct abbreviations were used to indicate the nonlactating state in mice (nonlactating, nonpregnant, NL) and cows (nonlactating pregnant, NLP). Samples were used to analyze mRNA expression and localization of candidate genes. lactation, between 15 and 25 days pp. (n ϭ 6). Mammary specimens were taken, preserved in RNAlater (Ambion, Austin, TX, USA), and stored at Ϫ20°C. In parallel, MG tissues were fixed overnight in freshly prepared ice-cold 4% paraformaldehyde solution in PBS (pH 7.4), rinsed in ice cold PBS, dehydrated in ethanol, and embedded in paraffin for immunohistochemistry. Additionally, MGs were taken during different nonlactating phases from 2-3 FVB mice [YP, young pubertal; NL, nonlactating postpubertal females; Pr, 15 days pregnant (pregnancy day was estimated from the developmental stage of the fetuses); inv1 and inv2, early and late involution, at days 3 and 6 after forced weaning, respectively; weaning was induced by the removal of the pups from the lactating mother].
Cows. The sampling procedures and experimental setup were as described in a previous study (50) . Briefly, Holstein-Friesian cows (n ϭ 9 or 10) were housed in tie stalls, milked twice daily, and fed a ration based on grass silage and concentrate. Cows were dried off (cessation of milking) 52 days before expected parturition. MG biopsies were obtained from front MGs, as previously described (50) . Four different stages of the pregnancy-lactation cycle, which corresponded to the murine sampling groups ( Fig. 1) were investigated: L3=, end of lactation, Ϫ77 days before expected parturition; NLP, nonlactating pregnant, Ϫ16 days before parturition; L1, early lactation, 16 days after parturition; L2, midlactation, 88 days after parturition. In contrast to mice, the nonlactating cows were pregnant, but milk removal was abolished (dry-off phase, see above). To discriminate between these two physiologically not absolutely identical states of the MG, the terms "nonlactating" (NL, mice) and "nonlactating pregnant" (NLP, cows) were used. The majority of biopsy tissue was snap frozen in liquid nitrogen and kept at Ϫ80°C until analysis of mRNA abundance. A small portion of tissue was used for immunohistochemical analysis and was fixed overnight in 4% neutral buffered formalin, dehydrated, and embedded in paraffin according to standard techniques.
Human specimens. Breast tissues from nonlactating human MG (antemenopausal, AM, n ϭ 5; postmenopausal, PM, n ϭ 5) and lactating MG (lactating, L, n ϭ 5) were obtained from surgical resection or biopsy specimens. On the average, the AM individuals were 33.8 (29 -43) years old, whereas PM and L subjects were 66.2 (50 -84) and 31.6 (25-39) years old, respectively. The experimental protocols were in accordance with the ethical guidelines of the 1975 Declaration of Helsinki. Breast tissues were prepared in appropriate buffers, as described above, for immunohistochemistry.
RNA isolation, reverse transcription, and PCR. The murine MG tissues preserved in RNAlater were homogenized with a Polytron homogenizer (Kinematica AG, Littau, Switzerland). RNA isolation was performed with the spin or column (SV) Total RNA Isolation Kit (Promega AG, Dübendorf, Switzerland). To prevent unspecific amplification products in the PCR reaction originating from DNA contaminations, a DNase I digestion step was performed before eluting the RNA with nuclease-free water. To determine quality and integrity of the RNA, the ratios of the absorption at 280 and 260 nm were determined; RNA was stored at Ϫ80°C until further analysis. Reverse transcription of 1 g RNA was performed with random hexamer primers using Improm-II Reverse Transcription kit (Promega) according to the manufacturer's instructions. Bovine MG samples were processed as previously described (50) . cDNA was stored at Ϫ20°C until analysis. Specific primers for the analysis of candidate genes were designed to span exon-exon boundaries (Table 1) .
Quantitative reverse transcription PCR (qRT-PCR) was performed in duplicate using Power SYBR Green Master Mix (Applied Biosystems, Foster City, CA, USA) in a final volume of 25 l and a final primer concentration of 150 nM. qRT-PCR analyses were carried out on a ABI Prism 7500 real-time PCR detection system (Applied Biosystems). Standard curves were generated from dilution series of pooled samples to determine detection limits and efficiencies for each primer pair. Amplified products underwent melting curve analysis to specify the integrity of amplification. To remove nonspecific signals, a higher fluorescence acquisition temperature was chosen (Table 1) , according to the melting curve that was recorded for each reaction. Ubiquitin and GAPDH were used as housekeeping genes in the present study (Table 1 ). The arithmetic mean cycle threshold (CT) values of ubiquitin and GAPDH were first statistically tested for likely variation during the pregnancy-lactation cycle.
Immunohistochemistry. Serial sections of paraffin embedded tissue (4 m) were prepared and mounted on SuperFrost (SuperFrost, Braunschweig, Germany) slides. After drying, sections were dewaxed in Xylol and hydrated through graded alcohols. Endogenous peroxidase activity was blocked by dipping the slides in 3% H 2O2 solution for 10 min. An antigen recovery step in sodium citrate buffer (10 mM, pH 5.5) was performed in a microwave oven at 98°C during 5 min. Slides were then incubated in a humid chamber at 4°C overnight with or without (negative controls) specific antibodies against ABCA1 (Abcam, ab 7360, Cambridge UK; polyclonal used for mouse, bovine and human tissues, diluted 1:100), ABCG1 (LS-B507, LifeSpan BioSciences, Seattle, WA; polyclonal, used for bovine tissues, diluted 1:100; 1945-1, Epitomics, San Francisco, CA; monoclonal, used for mouse and human tissues, diluted 1:50) and ABCA7 (LS-B222, LifeSpan BioSciences; monoclonal used for mouse and human tissues, 1:200). Despite considerable effort and testing of several commercially available anti-ABCA7-specific antibodies, no suitable antibody against bovine ABCA7 protein was found.
After the slides were washed, affinity-purified, biotin-conjugated polyclonal goat anti-rabbit (E0432; Dako Glostrup, Denmark; diluted 1:200) or affinity-purified goat anti-rat polyclonal antibodies (sc2041, Santa Cruz Biotechnology, Santa Cruz, CA; diluted 1:100) were applied for 60 min at room temperature in a humid chamber. After washing, slides were exposed for 45 min to avidin-biotin-horseradish peroxidase complex prepared from reagents supplied by Dako (K0377). Bound peroxidase was detected by a 8-to 12-min incubation at room temperature with 3, 3=-diaminobenzidine substrate. Sections were finally briefly counterstained with hematoxylin and mounted in Aquatex (Merck, Darmstadt, Germany). The sections were evaluated by qualitative analysis.
Quantification and statistics. To evaluate mRNA quantities, C T values, i.e., the cycle number at which logarithmic plots cross calculated threshold lines, were recorded and subsequently used to determine ⌬C T values (as arithmetic mean CT value of the housekeeping genes minus the CT value of the target gene). All statistical evaluations were performed at the ⌬CT level to avoid bias by a transformation of normally distributed logarithmic values in not normally distributed fold difference values. The statistical differences in relative mRNA abundances were tested by one-way ANOVA (mice) and one-way ANOVA for repeated measures (cows), respectively, and adjusted for Bonferroni's multiple comparison (mice and cows) using SigmaStat 3.5 software. Pearson correlation procedure in SigmaStat 3.5 software was used to determine the associations between different genes. The level of significance was set at P Ͻ 0.05.
RESULTS AND DISCUSSION
The present study describes the expression and localization of potentially universal cholesterol transporters ABCA1, ABCG1, and ABCA7 in murine, bovine and human MG and proposes a general model of cholesterol transport in the MG. The mRNA coding for ABCA1, ABCG1, ABCA7, SREBP-1, and SREBP -2, PPAR␥, and LXR␣ could be detected in bovine and murine MG (Fig. 2 and 3) , indicating their potential role in MG physiology, as well as the gene conservation between these species. In murine MGs, the ABCA1 mRNA abundance was significantly increased in nonlactating (NL) compared with lactating (L2 and L3) tissues ( Fig. 2A) , whereas ABCG1 and ABCA7 mRNA expression profiles were not significantly altered (Fig. 2, C and E) . In contrast, in bovine MGs the mRNA abundance of ABCA1, ABCG1, and ABCA7 was significantly increased in nonlactating (involution; NLP) compared with lactating (L2 and L3) MG (Fig. 2, B, D, F) . This finding supports data from a previous study using bovine MG tissues reporting a down-regulation of ABCA1 mRNA expression after parturition (9) . The comparison between murine and bovine MGs revealed a similarity between expression profiles of ABCA1 and ABCG1, whereas ABCA7 mRNA profiles were different between the two species. These findings indicate a differential expression of ABC transporters, which may depend on metabolic/hormonal changes or various regulatory mechanisms during different functional stages. Several investigations in peripheral tissues (e.g., intestine, adipose tissue, kidney) demonstrated that ABCA1 is transcriptionally regulated by LXR␣ (25, 26, 58) , whose transcription is, in turn, promoted by PPAR␥ (15, 49) . In this study, the mRNA abundances of LXR␣ and PPAR␥ in murine MG were significantly higher in nonlactating compared with lactating specimens (Fig. 3, A and C) , in accordance with a report by others (47) . This result implies that the differential expression of ABC cholesterol transporters in MG could be influenced, at least partly, by gene expression of the aforementioned regulators. Interestingly, ABCA1 mRNA expression correlated with LXR␣ (rϭ0.63, Pϭ0.0012) and PPAR␥ (rϭ0.59, Pϭ0.003). Altogether, an impact of LXR␣ and PPAR␥ on the regulation of an ABCA1-dependent pathway in murine MG seems likely. In contrast, in bovine MG, the mRNA abundance of LXR␣ was significantly lower in the nonlactating MG, transiently increased after parturition and decreased again at the end of lactation (Fig. 3D) . This expression pattern corroborates the findings by Bionaz and Loor (9) . The lack of comparative expression patterns for LXR␣ and PPAR␥ between murine and bovine MGs suggests distinct regulatory pathways controlling ABCA1 expression in the MG. SREBPs are key regulators of lipid synthetic genes, which are induced after parturition (7, 47) . In this study, SREBP-1 and SREBP-2 were unaltered during all four physiological stages of both bovine and murine MG (Fig. 3) , indicating that SREBPs in mammary tissues do not respond to metabolic/physiological changes associated with pregnancy and/or lactation (40) . Interestingly, in lactating bovine MG, the mRNA profiles of LXR␣ and PPAR␥ were correlated with ABCG1 (rϭ0.58, P ϭ 0.0015, and rϭ0.51, P ϭ 0.0072, respectively), suggesting a role of LXR␣ and PPAR␥ in the transcriptional regulation of ABCG1 in the bovine MG (45, 49) .
Immunohistochemical localization of ABC lipid transporter proteins during the pregnancy-lactation cycle. ABCA1, ABCG1, and ABCA7 proteins were identified and localized in mammary tissue of all three species by immunohistochemistry. ABCA7 was not assayed in bovine MG, because competent antibodies were lacking.
Murine MG. As shown in Fig. 4 , A-C, ABCA1, ABCG1, and ABCA7 stainings were completely absent in MEC of nonlactating adult mammary tissues (NL). In contrast, ABCA1 (but not ABCA7 or ABCG1) protein was expressed in mature mammary adipocytes. However, in lactating murine MG tissue, ABCA1-, ABCG1-, and ABCA7-positive stainings were predominantly detected in the glandular epithelium with a diffuse cytoplasmic distribution in lactating mammary tissues (L1-L3), and all three transporters were expressed in mammary adipocytes. The identified localization patterns underline the importance of these ABC transporters in lipid secretion and storage by MEC and adipocytes, respectively (31) .
A detailed investigation of ABCA1, ABCG1 and ABCA7 in murine nonlactating stages (puberty, pregnancy, and involution) showed that the localization patterns in mammary adipocytes (ABCA1-positive) and MEC (ABCA1-, ABCA7-and ABCG1-negative) was similar during puberty (YP) and in the nonlactating (NL) adult MG, suggesting that these proteins are important in MG processes occurring early in development. During early involution (Inv1), ABCA1 was localized in a few single cells inside the involutive alveoli (red arrowhead in Fig. 5A , Inv1), whereas during pregnancy (Pr) and late involution (Inv2), it was identified in a few single epithelial cells (arrows in Fig. 5A , Pr and Inv2). These findings may indicate an involvement of ABCA1 in processes occurring in apoptotic epithelium (21, 34, 37, 38) . Moreover, ABCG1 was localized in a few single stromal cells in the extracellular matrix during pregnancy (black arrowheads in Fig. 5B , Pr) and late involution (black arrowheads in Fig. 5B, Inv2 ). Similar to ABCA1, ABCG1 was detected in intra-alveolar cells (arrow in Fig. 5B,  Inv1) . Interestingly, stromal and intra-alveolar cells are morphologically similar to macrophages that increase ABCA1 and ABCG1 expression when cholesterol accumulates (30) . Our results suggest that the removal of accumulating cholesterol subsequent to the clearance of residual milk during early involution (Inv1) may require the contribution of ABCA1 and ABCG1 expressed by macrophages. Moreover, the role of these transporters in the removal of cellular debris of apoptotic cells from extracellular matrix can also be envisaged during late involution (Inv2) (38) . It is postulated that the secretory activity of MEC during pregnancy is reduced as a consequence of lowered cell proliferation, concurrent with an unchanged apoptosis rate (41) . The presence of ABCG1 in stromal cells during pregnancy may thus imply an involvement of this protein in the removal of accumulating cholesterol in the stroma during pregnancy. Bovine MG. Unlike mouse MG, ABCA1 and ABCG1 (Fig. 6 , A and B) were localized in MEC of nonlactating and lactating MG. These transporters were identified in the cytoplasm and even frequently in the cell membrane with often apical accentuation. Furthermore, ABCA1 was localized in endothelial cells. The presence of ABCA1 and ABCG1 in murine and bovine MGs supports the notion that ABCA1 and ABCG1 play a role in lipid transfer by the mammary epithelium. Indeed, these proteins have been found to mediate lipid-efflux in peripheral tissues (42, 23, 43) .
Human MG. All three transporters were present in the alveolar and ductal epithelium in lactating MGs (with highest intensity staining for ABCA1 compared with ABCA7 and ABCG1), whereas only ABCA1 and ABCA7 were localized in nonlactating MGs (Table 2 and Fig. 7) . Our results imply a likely primarily physiological role of ABCA1 in the lactating MG and further suggest that ABCG1 is more important for MEC of lactating rather than nonlactating MGs (11, 56) . On the other hand, ABCG1 was present in mammary adipocytes throughout all stages, whereas ABCA1 and ABCA7 were less consistently expressed in this cell type. This distribution pattern suggests that ABCG1 is potentially involved in the regulation of cholesterol storage in human mammary adipocytes, as previously indicated for ABCA1 (31) .
In conclusion, the mRNA transcripts of ABCA1, ABCG1, and ABCA7 were differentially expressed in mammary tissue, and the corresponding proteins were localized in MEC and/or adjacent cells (e.g., adipocytes) within the MG. The differential expression and localization of these transporters seem to depend on the functional stage and anatomy of the MG and may be associated with distinct physiological roles (for instance lipid transfer vs. storage). In addition, distinct regulatory mechanisms occurring at different stages of the pregnancy-lactation cycle may orchestrate the expression and localization of these transporters in the MG. These findings support the significance of the investigated ABC transporters in regulating cholesterol homeostasis in the MG through pathways outlined in the functional models proposed below.
Potential models of cholesterol transport in the MG. The localization of ABCA1, ABCG1, and ABCA7 in human, murine, and bovine mammary epithelium implies their possible involvement in mediating cellular lipid transfer occurring in the MG. On the basis of studies in other tissues, it is known that ABCA1 removes excess cellular cholesterol from peripheral cells by the efflux onto apolipoproteins (42) , and potential acceptor lipoproteins were found in the MFG proteome (20) . ABCG1 supports ABCA1 in its function to efflux cholesterol onto lipoproteins (11, 56) . In the MG, ABCA1 may, in concert with ABCG1, promote the transfer of milk lipids across the blood-milk barrier and thereby prevent cholesterol accumulation in MEC during lactation. On the other hand, the involvement of ABCA7 in phospholipid transfer (1) and in phagocytic processes (27) that require phospholipid-dependent membrane rearrangements (24) has been reported. Accordingly, ABCA7 could be involved in the process of MFG secretion (46) and phagocytosis of apoptotic cells and residual milk by MEC or macrophages during involution.
The presence or absence of mammary adipocytes expressing cholesterol transporters is likely to influence the mechanisms regulating cholesterol homeostasis in the MG. Le Lay et al. (31) reported that ABCA1 and LXR␣ mRNA was strongly induced during in vitro differentiation of 3T3-L1 adipocytes, whereas the protein level was only increased by twofold, suggesting a posttranscriptional regulation of ABCA1. As the total cholesterol content of the membranes remained constant while the plasma membrane cholesterol content decreased during differentiation, they speculated that adipocytes act as a sort of cholesterol sink with plasma-buffering properties. As in our studies, ABCA1 protein was localized in murine adipo- cytes, and mRNA levels were increased during nonlactating stages, adipocytes may also represent the primary buffer for excess tissue cholesterol in the MG, and ABCA1 may be crucial for its uptake from the extracellular matrix and its storage in lipid droplets. Given that ABCA1, ABCG1, and ABCA7 are involved in the efflux of cellular lipids and phagocytosis in other cell types, our findings suggest a role of these transporters in cholesterol transfer across the mammary epithelium during lactation, as well as in storage and release of cholesterol in mammary adipocytes. On the basis of our data and the aforementioned studies, we propose the following preliminary model for cholesterol transfer by ABC transporters in the MG:
In the lactating MG (Fig. 8A) , cholesterol is taken from lipoproteins in the stroma or by other unknown mechanisms (I) and is delivered to the cellular cholesterol pool from where it is distributed to other compartments and to the apical membrane (II). Lipid transporters such as ABCA1, ABCG1, and ABCA7 may be involved in the transfer of cholesterol and phospholipids into milk (III). Beside the cholesterol derived from the blood, a small part is synthesized in the ER (IV). Lipid droplets containing triglycerides, phospholipids, and cholesterol are formed. These droplets fuse to bigger cytoplasmic lipid droplets (CLD) and are secreted surrounded by apical membrane into the alveolar lumen as MFG (V). The outer MFG membrane contains, among other membrane proteins derived from the apical membrane, lipid transporters and cholesterol. In the nonlactating MG (Fig. 8B) , MEC undergoing apoptosis (indicated as 1) and residual milk are phagocytized (I) by neighboring epithelial cells (indicated as 2) and/or macrophages (indicated as 3) that invade the tissue. In the bovine and human MG, excess cellular cholesterol in macrophages and MEC originating from lipoproteins (II) and from phagocytic processes (I) may be removed from the cells by the transfer onto lipoproteins (III) or into milk (III).
ABCA1 and/or ABCG1 are likely to be involved in these efflux processes at the apical or basolateral membrane of MEC. In the murine MG, cholesterol is predominantly transferred into mammary adipocytes (IV), which in contrast to the bovine and murine MG, are in close proximity to MEC. The storage and release of cholesterol in murine adipocytes are regulated by the cholesterol transporters ABCA1 and ABCG1 (V). The entity of these mechanisms may serve to prevent damage of the epithelium by accumulation of cholesterol in the tissue due to the cellular degradation processes occurring during involution.
Significance and Perspectives
The models of cholesterol transport proposed above depict the molecular mechanisms potentially involved in the regulation of cholesterol homeostasis in the MG. Our data suggest a role of ABCA1, ABCA7, and ABCG1 in the transfer, storage, and removal of cholesterol in the MG. Future functional in vitro assays are needed to precisely elucidate ABC transportermediated mechanisms of cholesterol transport in the MG and shall give more insights into regulatory mechanisms of cholesterol transport in mammary tissue. Subcellular localization studies of lipid transporters, lipoproteins, and accessory proteins in mammary tissue, as well as in cultured cells, and in MFG membranes should be performed. Detailed knowledge of these processes may not only generate genetic approaches to influence lipid content in milk but may also help to identify novel therapeutic approaches to treat MG disorders, such as clinical mastitis in humans and animals (e.g., by revealing interactions between lipid transporters and lipid signaling pathways). Furthermore, identifying the role of ABCA1 and other related ABC transporters in the remodeling process of the MG, where simultaneously apoptotic and proliferative processes play a role, may also provide novel insights into aberrant After the uptake from lipoproteins in the stroma or by other unknown mechanisms (I), cholesterol is delivered to the cellular cholesterol pool where it is distributed to other compartments and to the apical membrane (II). Lipid transporters such as ABCA1, ABCG1, and ABCA7 may be involved in the transfer of cholesterol and phospholipids into milk (III). Beside the cholesterol derived from the blood, a small part is synthesized in the endoplasmic reticulum (ER) (IV). Lipid droplets containing triglycerides, phospholipids, and cholesterol are formed. These droplets fuse to bigger cytoplasmic lipid droplets (CLD) and are secreted surrounded by apical membrane into the alveolar lumen as milk fat globules (MFGs; V). The outer MFG membrane contains, among other membrane proteins derived from the apical membrane, lipid transporters and cholesterol. B: involution. MEC undergoing apoptosis (indicated as 1) and residual milk are phagocytized (I) by neighboring epithelial cells (indicated as 2) and/or macrophages (indicated as 3) that invade the tissue. In the bovine and human MG, excess cellular cholesterol in macrophages and MEC originating from lipoproteins (II) and from phagocytic processes (I) may be removed from the cells by the transfer onto lipoproteins (III) or into milk (III). ABCA1 and/or ABCG1 are likely to be involved in these efflux processes at the apical or basolateral membrane of MEC. In the murine MG, cholesterol is predominantly transferred into mammary adipocytes (IV), which, in contrast to the bovine and murine MG, are in close proximity to MEC. The storage and release of cholesterol in murine adipocytes are regulated by the cholesterol transporters ABCA1 and ABCG1 (V). CLD, cytoplasmic lipid droplet; CE, cholesterol ester; ME, myoepithelial cell; MEC, mammary epithelial cell; M⌽, macrophage; MFG, milk fat globule; TJ, tight junction.
proliferation of mammary tissue occurring, for instance, during the development of adenocarcinomas.
